The 
Introduction
Thermal management is central in several fast-growing technologies, from semiconductors industry 1 , to avionics 2 and rechargeable lithium-ion batteries 3 . Inappropriate thermal management can result in overheating and consequent shortening of service life 4 and may even lead to hazardous conditions such as fire 5 . Aluminum and copper heat exchangers are common add-on solutions for high-drain integrated circuits, but they increase the number of components, system weight and assembly time, and therefore cost. Thermally-conductive chip packages made out of polymeric composites may represent a considerable improvement, but satisfactory materials are still lacking, due to insufficient thermal conductivity. In fact, research efforts are currently focused on the development of polymer composites and nanocomposites for efficient heat transfer [6] [7] [8] . Carbon nanotubes (CNT) and a variety of 2D materials as graphene-related materials (GRM) 9 , boron nitride 10 , fosforene 11 , silicone 12 and recently borophene 13 , attracted great research interest due to the outstanding properties evaluated through in silico approaches. In particular, thermal properties of graphene were studied in details and strictly correlated to its phonon transport properties [14] [15] [16] . Indeed, graphene was recognized as an excellent candidate for applications in thermally conductive materials. However, thermal transport in (nano)composites is strongly limited by the thermal resistances occurring between conductive particles in direct contact, as well as between particles and the surrounding matrix 8, 17 . The thermal resistance is caused by phonon scattering in the presence of structural defects and discontinuity 18 , as well as acoustic mismatch 19 phenomena between the two components of the interface. In particular, the inefficiency of phonon transfer within a network of conductive particles in contact has been related to the "soft" interface, which does not allow transfer of efficient vibrational modes of phonons 7, 20 . A possible approach to decrease this contact resistance is by grafting molecular junctions 21 between nanoparticles, to increase the contact stiffness and enhance phonon transfer [22] [23] .
However, controlled chemical functionalization of graphene remains challenging and presents drawbacks, as covalent bonding on graphene induces rehybridization 24 , acting as lattice defects 25 and http://creativecommons.org/licenses/by-nc-nd/4.0/ altering the in-plane phonon modes 26 , ultimately affecting the thermal properties of graphene [27] [28] . On the other hand, non-covalent functionalization based on secondary interactions [29] [30] is known to preserve the hybridization of graphene but is expected to deliver rather limited reductions in contact resistance.
Non-Equilibrium Molecular Dynamics (NEMD) is a well-established numerical method to investigate thermal conductivity and interfacial thermal properties 31 . The Interfacial Thermal
Conductance (ITC), defined in this paper as the conductance between solid particles and the polymer matrix, reflects the physico-chemical properties of the interface 6, 20 ; in fact, chemical compatibilization through organic chain grafting onto the solid particles was typically found to be effective to improve thermal transport [32] [33] [34] 49 , which appear relevant in molecular junctions 50 . In this work, non-bond interactions were defined by the Van der Waals contribution from the COMPASS built-in Lennard Jones 9-6 function and the coulomb electrostatic term, by the use of atomic partial charges 46 , with a 10 Å cut-off. Velocity Verlet algorithm recalculated positions and velocities every 0.25 fs while the initial partial charges assignment and equilibration was set through Qeq algorithm 51 . Periodic Boundary Conditions (PBC)
were set in x,y,z. However, being a supercell system, the simulation domain was padded to fit the model and empty space was set to more than double of the cut-off distance in order to avoid PBC interaction.
The model was composed of about 4100 atoms, divided in two graphene nanoribbons (approximately 100 Å by 50 Å) grafted through the armchair edge by six parallel molecular junctions. Because the model size is shorter than the phonon mean free path in graphene, no inner flake phonon scattering flake is expected 16 . This edge-to-edge layout is depicted in Figure 1A (C) The model for tensile testing with C5OP, as example molecule.
The simulation procedure followed a well-established scheme: the whole system was initially relaxed through an equilibration period of 125ps in NVT (constant Number of atoms, Volume and Temperature) canonical ensemble at 300K, within a temperature range in which the quantum effect was previously reported to be negligible 54 . At the end of the thermal equilibration, followed 250ps of 
where Ti (slab) is the temperature of i th slab, Ni is the number of atoms in i th slab, kB is the Boltzmann's constant, mj and pj are atomic mass and momentum of atom j, respectively. With the system is in steady state, the quantity of heat being injected into the heat source and removed from the heat sink evolves with time linearly, equivalent slopes (Supporting Information, Figure S1 ), evidences the constant energy inside the ensemble and the steady heat flux which passes through the model 56 . The To investigate the phonons in molecules and graphene 26 , vibrational spectra has been calculated for the isolated molecules as well as for a hydrogen-terminated graphene nanoribbon. The VDOS were calculated through discrete Fourier transform of the x, y and z velocity autocorrelation function in equation 4:
where ( ) is the VDOS at the frequency , 〈 (0) • ( )〉 is the correlation function of atoms velocities. In VDOS run, the temperature was initially set in canonical ensemble at 300 K for 250 ps.
Data collection was performed in microcanonical ensemble, saving the velocities every timestep for 12.5 ps. In this calculation, the PBC were set as fixed with about 50Å of padding room, determining no interaction at simulation box boundaries.
The Elastic modulus was calculated through linear fitting up to 10% of deformation in elastic regime.
Stress-strain plots are reported in Figure S4 . The result of this test should be considered only in relative terms between the molecules and not as absolute Young modulus. Uniaxial strain simulations were conducted for six replicas along z at 0.1K, similarly to metal nanowires [57] [58] Figure 1E ). The simulation box PBC were set as fixed in x and periodic in y and z, adopting a 50 Å padding room as already adopted in VDOS calculation. An initial relaxation step in NVT was set bringing the temperature from 5K to 0.1K in 5ps. Then, the left slab of the specimen was fixed and a longitudinal uniaxial velocity of 0.5 Å/ps was applied to the right-end graphene ribbon generating a constant pulling force overall the system. The simulation run in NVE for 20ps or until the molecule broke, whichever occurred first. 
Results and Discussion
Sixteen molecular junctions were considered in this study, as summarized in Table 1 .
Aliphatic/aromatic molecules represent the largest subset, and include a variety of diphenyloxyalkanes (A-G, in were also simulated (N-P in Table 1 ). While their use as thermal junction remains theoretical owing to the difficulties in the synthesis of such molecular junctions, six-member carbon rings between graphene nanoribbons were previously addressed as a model system for graphitized polyimide/graphene composites 59 . It is worth noting that acene junctions preserves the conjugation of sp 2 carbon across the contact of the two graphene sheets; in fact acene-bridged graphene sheets could even be considered as a single graphene with rectangular holes in its structure, that was previously addressed by Yarifard et al. 60 As a first case study, C5OP was analyzed in a range of parameters, including Thermostat Temperature The role of ether bond was studied comparing junctions with similar length, namely C5OP and C7P
(E, J in Table 1 ). Despite the stiffness of C7P (65 GPa) was found approx. 30% lower than C5OP, the 139±33 pW/K conductance for C7P is equivalent to the value for C5OP. This finding suggests that the presence of the soft alkyl component in the center of the molecular junction limits the overall heat transfer and ether substitution in a relatively long alkyl chain has a negligible effect. The VDOS for C7P is reported in Figure 3 , which shows the main contribution from alkyl moieties as broad peaks in the 42-44 THz region, in fair agreement with the spectrum for C5OP. The role of flexible groups (ether vs. methylene bridges) was further investigated in more rigid aromatic structure.
Junctions based on diphenoxybenzene (POP, d=16.6 Å, H in Table 1 ) and dibenzylbenzene (PCP, d=16.3 Å, I in Table 1 ) were compared in both thermal conductance and stiffness. The thermal conductances for these systems were found about 260±16 pW/K for POP and 221±14 for PCP, Tensile simulations highlighted a wide gap between elastic moduli for POP (152 GPa) and PCP (85 GPa). This difference suggested that the deformability of flexible moieties is indeed crucial in controlling the overall junction stiffness, also when rigid aromatic rings are present in the molecular structure. Indeed, carbon-oxygen bond parameters in COMPASS evidence for significantly higher stiffness compared to C-C (2 nd 3 rd and 4 th power coefficients for c4o-o2e are remarkably higher than c4-c4 46 , details in Supporting Information, Table S1 ad Figure S4 ), directly affecting the vibrational states. Based on this landmark, polyaromatic hydrocarbons were also studied as potentially effective molecular junctions. In fact, polyaromatic molecules exhibits highly delocalized electronic structures, Table 1 ) and further enhancement was obtained for higher aromatic condensation, as 608±25 pW/K was calculated for phenanthrene (PH, L in Table   1 ) and 648±14 pW/K for pyrene (PY, M in Table 1 ). The tensile deformation of aromatic junctions reflects a higher stiffness than the alkyl based ones, with calculated elastic moduli of 141 GPa for biphenyl, 165 GPa for phenanthrene and 179 GPa for pyrene. Based on the results obtained for aliphatic and aromatic junctions described so far, the combination of length and stiffness of the bridging chain appear to control the overall efficiency of the thermal transport through the interface. In fact, short and stiff junctions lead to the highest values of thermal conductance, as depicted in Figure 5 . Finally, acene-based junctions made of 3, 5 and 7 aromatic rings (anthracene, ACN, N in Table 1; pentacene, PCN, O in Table 1 ; heptacene, HCN, P in Table 1 
Conclusions
The thermal conductance of molecular junctions between graphene nanoribbons were investigated by means of non-equilibrium molecular dynamics simulations. Particular focus was dedicated to experimentally synthesizable junctions for the purpose of improving the thermal percolation within networks of graphene nanoflakes. Thermal boundary conductance was found to strongly correlate with molecular junction length and stiffness. Calculated thermal conductance was found to be lowest for aliphatic/aromatic junctions characterized by the long and flexible alkyl chain and highest for the short and rigid polyaromatic bridging molecules (e.g. phenanthrene and pyrene). Chemical structures that are able to change structural conformations due to the presence of free rotating single bonds, appeared to directly limit the thermal transport capability. Differences were also observed between junctions containing methylene and ether groups, related to the different features of their bonds to carbon.
In terms of phonon density of states, the overlapping of molecular junction VDOS with the spectra of graphene was found to correlate with the thermal conductance of the junctions. While VDOS for aliphatic/aromatic junctions exhibited limited overlapping with the main vibration bands of graphene at both 16.5 THz and 45.2 THz, aromatic and polyaromatic structures displayed vibrational spectra similar to graphene. 
